Dps proteins (DNA-binding proteins from starved cells) have been found to detoxify H 2 O 2 . At 26 their catalytic centers, the ferroxidase center (FOC), Dps proteins utilize Fe 2+ to reduce H 2 O 2 27 and therefore play an essential role in the protection against oxidative stress and maintaining 28 iron homeostasis. Whereas most bacteria accommodate one or two Dps, there are five 29 different Dps proteins in Nostoc punctiforme, a phototrophic and filamentous cyanobacterium. 30 This uncommonly high number of Dps proteins implies a sophisticated machinery for 31 maintaining complex iron homeostasis and for protection against oxidative stress. Functional 32 analyses and structural information on cyanobacterial Dps proteins are rare, but essential for 33 understanding the function of each of the NpDps proteins. In this study, we present the crystal 34 structure of NpDps4 in its metal-free, iron-and zinc-bound forms. The FOC coordinates either 35 two iron atoms or one zinc atom. Spectroscopic analyses revealed that NpDps4 could oxidize 36 Fe 2+ utilizing O 2 , but no evidence for its use of the oxidant H 2 O 2 could be found. We identified 37 Zn 2+ to be an effective inhibitor of the O 2 -mediated Fe 2+ oxidation in NpDps4. NpDps4 exhibits 38 a FOC that is very different from canonical Dps, but structurally similar to the atypical one from 39 DpsA of Thermosynechococcus elongatus. Sequence comparisons among Dps protein 40 homologs to NpDps4 within the cyanobacterial phylum led us to classify a novel FOC class: 41 the His-type FOC. The features of this special FOC have not been identified in Dps proteins 42 from other bacterial phyla and it might be unique to cyanobacterial Dps proteins.
Introduction 47
Dps proteins (DNA-binding proteins from starved cells), also referred to as miniferritins, are 48 only found in prokaryotes and belong to the class of ferritin-like proteins [1], alongside with A trimeric interface is formed where the short loops, located between helices C and D from 147 three monomers, meet thus creating a pore (Fig 2) . The formation of such a pore is a well-148 known feature of Dps proteins and is called a ferritin-like pore, since it is formed along a 3-fold 149 axis, similar to the pores in ferritins [27] . In the case of NpDps4, charged and aromatic residues 150 from the three monomers line the ferritin-like pore. Each subunit of the trimer contributes 7 151 symmetrical side chains of Glu140 facing the exterior of the pore, followed by Arg145, Arg148 152 and Glu152, which all form a network of hydrogen bonds. Tyr149 as well as Lys153 face the 153 hollow interior of the Dps protein. Another pore is formed where the short loops between helix A and B of three monomers meet 159 (Fig 3) . This pore is described as the Dps-type pore as it is unique for Dps proteins within the 160 ferritin-like protein family [28] . Each trimeric subunit contributes three symmetrical side chains 161 of Thr175 facing the protein exterior, followed by Glu58 and Ser61 that are lined up along the 162 pore and form hydrogen bonds with several water molecules inside the pore ( Fig 3B) . The 163 pore has a polar chemical character and is closed by the three C-terminal tails that form a 164 small cap-like structure on the outside of the protein ( Fig 3B) . Iron and Zinc bind to the ferroxidase center 173 In the metal-free crystals, which diffracted to 1.6 Å, no remnants of metal atoms were detected.
174
This is presumably due to the chelating capacity of the crystallization agent SOKALAN66 (an 8 175 imidazole polymer). However, when crystals were moved to a polyethylene glycol (PEG) 176 solution containing Zn 2+ or Fe 2+ ions, these metals were observed in the structure (Fig 4) . 
184
In the Fe 2+ -soaked crystals, which diffracted to 1.9 Å, two strong electron density peaks were (not shown). Among different water molecules that were found in the coordination sphere of 194 the Fe atoms one was found to coordinate to both Fe atoms at site A and B at distances of 195 2.2 Å and 2.3 Å, respectively. When the Fe 2+ -soaked structure was compared to the metal-196 free structure, a pronounced conformational change was observed. Both, Glu82 and His164 197 were tilted towards the metal atoms for better coordination ( Fig 4A) .
198
In the Zn 2+ -soaked crystals, which diffracted to 2.4 Å, the A-site was occupied with a Zn atom 199 ( Fig 4B) has been shown to be of importance for cellular defenses against oxidative stress [13,32,33].
210
Our earlier results on the NpDps1-3 showed that none of these three proteins could catalyze All experiments were done under aerobic conditions. During an incubation time of 2 min the 227 absorbance at 310 nm did not increase in the reaction buffer (5 mM succinate buffer at pH 6.0 228 and 50 mM NaCl) in the presence of 0.5 µM NpDps4 ( Fig 5A, red curve) . When 24 µM Fe 2+ 229 was added, the absorbance increased logarithmically with a fast initial increase reaching 230 Abs 310nm 0.014 after 2 min, which represented ~ 26 % of the maximum absorbance (max.
231
Abs 310nm = 0.053) in this reaction. In the following 30 min the reaction slowed down and the 232 Abs 310nm reached 0.032 and was monitored further to a total of 420 min reaching an 233 absorbance of 0.046. In the control experiment, that contained no protein material, 24 µM of 234 Fe 2+ was added to the reaction mixture, but no change in the absorbance was detected for the 235 next 45 min ( Fig 5A, black curve), neither in a total of 420 min, see S1 File. Under these 236 conditions no iron oxide was formed. We verified that O 2 was necessary for the rise in 
258
When 12 µM Zn 2+ was added to the reaction mixture containing 0.5 µM NpDps4, the 259 absorbance at 310 nm steadily increased over the whole-time course, also after the addition 260 of 24 µM Fe 2+ (Fig 6A, red graph) . This effect was observed whenever Zn 2+ and NpDps4 were 261 simultaneously present, but this increase in absorbance was found for the whole spectrum 262 between 200 to 800 nm, S1 File. We concluded that zinc could effectively inhibit the oxidation 263 reaction under aerobic conditions, and that Zn 2+ negatively affected the protein solubility. 
274
In the presence of 0.5 µM NpDps4 24 µM Fe 2+ was added to the reaction mixture (black graph). was reconstructed from subsequent kinetic traces, because absorbance spectra were 281 recorded after each chemical addition, see S1 File.
282
To investigate if zinc could halt an ongoing oxidation reaction of 24 µM Fe 2+ under aerobic 283 conditions in the presence of 0.5 µM NpDps4, 12 µM Zn 2+ was added to the reaction mixture 284 after the initial increase in Abs 310 nm ( Fig 6B, red graph) . The rise in absorbance arrested 285 within the next 30 seconds. Such a sudden reaction stop was not detected in the control 286 experiment, in which the reaction between 24 µM Fe 2+ and 0.5 µM NpDps4 resulted in a steady 287 increase of the absorbance over time ( Fig 6A, black graph) . The addition of Fe 2+ and Zn 2+ to 288 the reaction mixture in the absence of the protein did not alter the absorbance over time. harvested by centrifugation at 5300 x g and the pellets were frozen at -80 °C. Cell pellets were processing statistics are summarized in Table 1 . The metal-free structure was determined using the molecular replacement option in auto 586 rickshaw [64] using the Dps structure from T. elongatus (PDB ID: 2VXX) [14] . Density 587 modification and automatic model building were performed using AutoRickshaw and
